All cells in living org ani sms have a limited life span, and when the time set by their biological clocks has run out, they will die, their highly orga nized macromolecular structure will disintegrate, and the low-molecular degradation products be co me part of the disorder of the surroundings. In thermodynamic terms, this series of events consti tute s what has been called the entropic doom. We know little ab out those molecular mechanisms that limit the life span of cells in the ab sence of disease. For the clinician, therefore, the important task is to pr event or tre at diseases that jeopardize the proper functioning and viability of cells whose biological clocks have not yet run out. Measures instituted to pre vent brain cell death have a special importance. This is partly due to the fac t that we equate human life with the functioning of the brain. However, this importance al so resides in the vulnerability of brain cells to conditions that allow cells of most other tissue to survive, and to continue or resume their activitie s.
The clinically most important conditions leading to brain cell death are those as sociated with cere brovascular disease, partic ularly stroke, and with head trauma. We will begin, though, by recalling the traditional view of the occurrence and localization of ne uronal damage in four conditions that lead to more disseminated alterations, especially since they have been considered to cause nerve cell injury of a FIG. 1. Occurrence and principal localization of neuronal cell damage in the brain caused by global insults. Not shown here is the fact that with severely reduced CBF, neuronal damage tends to be localized to watershed areas, i.e" to the border zones in between the distribution territories of the major cerebral arteries, structurally similar nature (Fig. 1 ). All these condi tions hazard cellular energy homeostasis, either be cause they hinder the supply of oxygen (ischemia and hypoxia) or glucose (hypoglycemia) or because they involve a pathologically enhanced neuronal ac tivity (epileptic seizures). The info rmation sum marized in Fig. 1 leads to two questions. First, can we as sume that the same mechanisms precipitate cell damage in hypoxia/ischemia, hypoglycemia, and status epilepticus? Second, why do neuronal lesions affe ct pyramidal cells in the cerebral cortex and the hippocampus in all conditions? Yet another The vulnerability of brain cells, particularly ne uro ns, has us ually been ascribed to their func tional and metabolic characteristics. Th us , these cells are continuously ac tive and consume substan tial amounts of energy; yet, brain tissues cannot store oxygen and the substrate levels are slender (see McIlwain and Bachelard, 1971; Siesjo, 1978) . In order to discuss the association, if an y, between cell injury and cellular energy failure , and to explore other mechanisms of a potentially injurious nature , it seems justified to begin by recalling some of the basic characteristics of neuronal structure and me tabolism.
Neuronal Organization and Metabolism
Figure 2, reproduced fr om Droz and Koenig (1970) , emphasizes the fac t that although all parts of the neuron are studded with mitochondria, thereby J Cereh Blood Flow Metaho/, Vol. I, No. 2, 1981 securing production of A TP at the loci where it is needed, the information center (the nucleus) and the ma jor sites of protein synthesis and macromolecular as sembly (endoplasmic reticulum and Golgi com plex) are localized in the cell body. Thus, the re newal of membrane constituents and organelles in peripheral domains requires incessant traffic of material from the cell body, an energy-dependent propulsion which has been as sumed to involve a chemomechanical coupling device provided by mi crotubules and micro filaments (however, see Brady et aI ., 1980) . Not shown in the figure is the fac t that this intrane uro nal traffic is bidirectional and that retrograde transport conveys signals fr om the periphery, e.g., by providing the necessary molec ular stimuli for gene expre ssion (for useful over view, and further references, see Schmitt, 1979) . Little is known ab out the energy requirements of macromolecular synthesis and intraneuronal trans port. It is clear, though, that energy failure will bring these processes to a halt and that damage to any of the intracellular structures shown in the fig ure must have serious functional consequences. Figure 1 gives no impression of the extensive ramification of dendritic and ax onal processes, the structural counterp art of a communication system which allows great diversity in cell-to-cell informa tion transmittal. As a re sult of these ramifications, neurons have a very large surface-to-volume ratio. Al so not shown in Fig. 1 are the ion fluxes that ac company information transfer, an event that might well utilize a major share of the energy pro duced by the cell. We will, therefore , briefly review these ion flu xes and consider current evidence that ac tivity is ac companied by perturbation of mem brane structure . It al so seems justified to recall the metabolic as sociation of neurons and glial cells.
Plas ma Me mbrane and Mitochondrial Io n Fl uxes Accompanying Neuronal Activity
It is common knowledge that neurons communi cate by signals that involve the release of excitatory and inhibitory transmitters an d propagation of electrical signals. These events involve the opening of ionic channels (" gates") with thermodynamically spontaneous fluxes of ions ac ross cell membranes, requiring A TP-dependent ion transport to re store the gradients (see Eccles, 1957; Katzman and Pap pius, 1973 ; Guidotti, 1979) . To a first ap proxima tion, excitation involves opening of Na+ gates by the ap propriate transmitter or modulator (e.g., acetylcholine, glutamate, or aspartate ), and inhibi tion the opening of K+ or Cl-gates by other ag ents [e .g., y-aminobutyric ac id (GABA) or noradrena line]. As in peripheral excitable tissues, release of transmitter is triggered by a voltage-or ag onist dependent influx of Ca2+ into nerve terminals (e.g., Katz, 1969; Baker and Reuter, 1975; Blau stein et aI ., 1978; Berridge, 1979; Llinas, 1979) . However, Ca2+ contributes to the inward current in post synaptic structures as well, and some cells (e.g., py ramidal cells in the middle cortical layers and in the hippocampus) possess high Ca2+ conductances in their apical dendrites, mediating excitation. In fact, such cells have been considered to have an innate epileptogenic capacity, which is normally suppressed by a corresponding inhibitory (mainly GABAergic) influence (Schwartzkroin and Wyler, 1980; Rob erts, 1980) . that depolarization-coupled spontaneous fluxes of K+, Na+, and Ca 2 � are reversed by ATP-dependent transport of K+ and Na+, and by transport of Ca 2 + via a Na+-dependent antiport system. Right panel illustrates that translocation of Wand OH-across the inner mitochondrial membrane leads to in flux of H 2 P04 -(due to pH gradient) and Ca 2 + (due to electrical gradient) and that efflux of Ca 2 + is achieved by a Ca 2 +jNa+ antiport system. For further explanation, see text.
translocation of N a + (out) and K + (in). Influx of Ca2+ will increase the intracellular, cytosolic Ca2 + ac tiv ity, a parameter ze alously controlled by the cell (Blaustein, 1974; Carafoli and Crompton, 1978; Ber ridge, 1979; Kretsinger, 1979) . In the long run, res toration of status quo require s extrusion of Ca2+ fr om the cell. At least in part, this seems to be ac hieved by a Ca2+ INa+ antiport system, i.e., a translocase which exchanges Ca2+ for Na+ in a pro cess whose energy source is the N a+ gradient cre ated by the ATPase ac tivity; however, not shown in the figure is the fact that some, if not all, cells contain a Ca2+ pump which uses ATP directly (see Blaustein, 1974; Baker and Reuter, 1975; Carafoli and Crompton, 1978) . In all probability, plasma membrane transport of Ca2+ is too slow to prevent an unacceptable rise in Ca2+ ac tivity, especially during intense ac tivity. In nerve cells, part of the Ca2+ is sequestered by the smooth endoplasmic reticulum via an ATP dependent uptake mechanism (Blaustein et aI ., 1978; Schweitzer and Blaustein, 1980) . Possibly, this structure normally plays a ma jor role in in tracellular Ca2+ homeostasis. However, the mito chondria undoubtedly contribute to this short-time sequestration (Lehninger et aI ., 1967; Bygrave, 1977; Mela, 1977; Carafoli and Crompton, 1978 Figure 3 (right pan el) summarizes present views on mitochondrial Ca2 + fl uxes . According to the chemiosmotic theory of Mitchell (1961 Mitchell ( , 1966 , elec tron transport along the respiratory chain achieves the splitting of water with vectorial translocation of H+(out) and OH -(in). This translocation creates a larg e el ec trochemical gradient for H+ ions, which, by reversing a mitochondrial ATPas e, leads to A TP pro duction from Pi an d ADP. Part of the pH gradient may collaps e by the operation of an OH-I H 2 P04-antipo rt system, leav ing the el ectric al gra dient (inside negative) to do most of the ATP synthesizing work. It is now agreed that this el ec tri cal gradient is what pulls Ca2+ into the mitochondria el ectrophoretically. As stated, any Ca2+ ac cumu lated in mitochondria (or smooth endoplasmic re ticulum) must subsequently be extrud ed from the cell. Current ev idence suggests that Ca2+ efflux from mitochondria occurs by a separate translo case, one that is an antiport system exchanging Ca2+ fo r Na+. Since mitochondria pl ay a key role in both A TP production and Ca2+ sequestration, it seems neces sary to dwell on the coupling events. Figure 4 , left, illustrates the fact that an es s enti al prerequi site for oxidative phosphorylation is the translocation, ac ross the inner mitochondrial membrane, of Pi and ADP(in) and of ATP(out). While transport of Pi is ac hieved by exchange for OH -(see Fig. 3 ab ove), coupled exchange of ADP for A TP is mediated by a separat e antiport system, the ad enine nucleotide translocase (see Chappell, 1968; Pfaff and berg, 1968). On the inside of the mitochondrial membrane, ph osphorylation of ADP (the phosphate "acceptor") is ac hieved by equilibrium control. In other words, el ec tron transport and oxygen con sumption are driven by the constant influx of ADP and Pi and the coupled effl ux of A TP, the latter serving as the energy sourc e at extramitochondrial sites.
Following the pioneering work of Chanc e and Williams (1955), the coupling events described have been ext ensively studied in vitro . In such studies , tissues have been homogenized and their mitochon drial fraction isolated by density gradient centrifu gation (commonly used procedures for brain tissues are those described by Oz aw a et aI ., 1966, and by Clark and Nicklas, 1970) . When mitochondria ar e sus pend ed in a suitable buffer in the pres ence of substrate (e.g., succinate, or malate plus glutamate) a slow oxygen consumption is observed (state 4 respiration). As shown in Fig. 4 , right, addition of phosphate ac ceptor (ADP) induces a burst of oxy gen consumption (state 3 respiration). The degree of ac ceptor control, i.e., the respiratory control ratio (RCR) , is calculated as state 3 divided by state 4 respiration, and the efficiency of oxidative phos phorylation as the PI O or ADPIO ratio. Under ideal conditions, most substrates (e.g. malate plus gluta mate) yields an ADPIO ratio of 3, while succinate yields a ratio of 2.
Th e very fact that oxygen is utilized in the ab sence of the phosphate ac ceptor ADP, i.e., in state 4 res piration, suggests that mitochondria normally show some degree of loose coupling between oxy gen consumption and oxidative pho sphorylation. Evidence exists that in this state, respiratory energy is used to ac hieve uptake of Ca2 + ag ainst a constant leak (Drahota et aI ., 1965) . It is of interest that the translocase responsible for this leak (see Fig. 3 ab ove) is ac tivated by a rise in the cytosolic Na+ concentration, as well as by ac cumulation of free fatty ac ids (FF A) and their derivatives (Harris, 1977; Crompton and Heid, 1978; Crompton et aI ., 1978) . It should al so be recalled that FFA favor loss of K+ as well, requiring respiratory energy for its re accumul ation (Ozawa et aI ., 1967b; Moore , 1968; Wojtzcak, 1976) . In this context, we want to em ph asize that ion transport ac ross mitochondrial membranes is an alternative to A TP pro duction and that transport of at least Ca2+ takes preference over oxidative phosphorylation. Thus, some degree of loose coupling must exist under normal cir cumstances, and if efflux of mitochondrial ions is enhanced (e.g., by influx of Na+ into cells or ac cumulation of FF A), a substantial amount of the oxygen used by cells may support futile recycling of ions across the mitochondrial membranes. Clearly, such diversion of respiratory energy must be en hanced if cells lose K+ and acc umulate Ca2+ (see below).
Membrane Phos pholip ids and Cell Activity
According to current views (Singer and Nicolson, 1972) , membranes are composed of a bimolecular leaflet of phospholipids whose fatty ac id tails fac e the inside and whose polar heads fac e the outside of the membrane. Intercalated in this fluid structure are cholesterol molecules and proteins, some of which may bridge the gap between the two water ph ases. Such proteins, which float in the fluid ma trix, comprise ion-transporting molecules (e .g., the Na+ IK+ -ATPase), as well as surface receptors. There is a dual relationship between proteins and pho spholipids. Thus, on the one hand, enzyme ac tivities are influenced by the phospholipid environ ment and degradation of membrane structure may inactivate enzymes (e.g., Fourc ans, 1974; Farias et aI ., 1975) . On the other hand, as we will discuss be low, ag onist interaction with surfac e receptors influences the metabolism of membrane-bound pho spholipids.
It has been known for some time that stimulation of nervous tissue increases the turnover of membrane-bound inosine phosphoglyceride in an energy-dependent cycle (Michell, 1975; Hawthorne and Pickard, 1979) . However, it will serve our pre s ent discussion better if we consider another stimulus-induced membrane perturb ation, one that has been ad mirably worked out in Axelrod's labo ratory (see Hirata and Axelrod, 1980) . Figure 5 summarizes the events proposed. The background is that phospholipids are as ymmetrically oriented in the membrane leaflets with ethanolamine phos ph oglyceride (PE) mainly facing the inside and choline phosphoglyceride (PC) the outside of the membrane . PE can be transformed into PC by suc cessive methylation, the methyl donor being S adenosyl-L-methionine (SAM). The catalyzing en zyme s, phospholipid methyltransferase I and II (PMT I and II) are al so as ymmetrically oriented in the membrane . Thus, interaction of surface recep tors with some ag onists (e.g., ,a-adrenergic ag onists, immunoglobulin E, and peptides) ac tivates PMT I and II, and as a result, PC ac cumulates in the out side leaflet. The increased membrane fluidity thus created has important effects. In some cells, it may al low lateral movement of receptor and enzyme proteins, with a re sulting ac tivation of membrane bound enzyme (exemplified by adenylate cyclase). In others, it may open Ca2+ gates, allowing both Ca2 + -triggered intracellular events to occur and, via the ac tivation of phospholipase A 2 (PLAz), the re lease of ar achidonic ac id (AA) fr om phospholipids (PL) with the simultaneous formation of lysophos pholipids (LPL). Accumulation of arachidonic ac id serves as a stimulus for the production of pro sta glandins (PG) and leucotrienes (L T). Thus, apart from illustrating the stimulus-coupled, energy dependent interconversion of membrane phos ph olipids, the cascades proposed exemplify how normal ac tivity leads to deacylation of ph os pholipids with ac cumulation of arachidonic ac id.
Clearly, since such events occur during normal cell ac tivity, they must be re adily reversible. We will later return to conditions in which some of the re ac tions considered are exaggerated to the extent that mitochondrial dysfunction and cell damage may be incurred.
Neuron-Glial Relationships
The role pl ay ed by glial cells in modulating neuronal metabolic and ionic events is controversial (see Schoffeniels et aI ., 1978; Stewart and Rosen berg, 1979) . However, some metabolic effects seem established. For exam ple, glial cells participate in the re uptake of transmitters liberated at synaptic regions. Although uptake of catecholamines proba bly occurs, the best studied event is that involving upt ake of amino ac ids such as glutamate and GABA, with subsequent metabolic conversion and export of the glutamine synthesized, a transport metabolism cycle that probably fo rms the structural counterpart of compartmentation of amino ac id metabolism. Possibly, glial cells may al so partici pate in substrate supply to ne urons, at least in ad verse conditions. Evidence exists, namely, that the ma jor part of tissue glycogen content is stored in glial cells.
Although nonsupportive results have been pub lished, a majority of workers fav or the view that glial cells ai d the removal of K+ released from neurons during ac tivity. As a result of this ab sorp tion, and of diffusion and re upt ake into neuronal elements, extracellular [K+] during normal or par oxysmal ac tivity does not rise ab ove 10-12 mM li teci (see J Cereb Blood FlolV Metabol, Vol. I, No. 2. 1981 1979) . As will be discussed below, excessive ac cumulation of K+ occurs when the cellular energy state deteriorates, and it will then trigger, or be as sociated with, events of a po tentially harmful na ture .
Severity and Duration of Insults Causing Neuronal Damage
Crucial to the pre sent discussion is the severity and duration of those adverse conditions that cause irreversible cell damage . Clearly, the terms isch emia, hypoxia, and hypoglycemia denote conditions that can vary considerably in severity, as does the term status epilepticus . Animal models of stroke, with interruption of blood flow through one middle cerebral artery, have allowed precise characteriza tion of ischemic thresholds, i.e., of the reductions in blood flow which will extinguish evoked electri cal ac tivity or cause efflux of po tassium from cells (Branston et aI ., 1977; Astrup, et aI ., 1977) . Such models have al so been used to fo llow the time course of ne uronal alterations at the light an d electron-microscopic level (Little et aI ., 1974; Gar cia, 1975 ; Garcia et aI ., 1977) . However, in this context we are primarily concerned with more global alterations, and particularly with those re sulting fr om severe insults. With these, we can largely av oid the problems of defining the degree of metabolic pe rturb ation and inste ad concentrate on the duration of the insults.
To facilitate comparisons we will confine the de scription to ischemia, hypoglycemia, and status epilepticus. We will use the term ischemia to denote a condition in which cerebral blood flow (CBF) is either reduced to below 40% of control (incomplete ischemia) or has ceased altogether (complete isch emia). Expe rience shows that whether some re sidual perfusion remains or not, cerebral energy state is rapidly and extensively reduced. The sever ity of hypoglycemia discussed is one that leads to cessation of spontaneous or evoked electrical ac tivity ("coma"). Finally, discussion of sta tu s ep ilepticus will be confined to that induced by in travenous administration of the GABA-receptor blocker bicuculline .
With this as a background, we can proceed to discuss the av ailable data on revival times, i.e., on the longest insult pe riods that are compatible with full recovery of a particular function, and on his topathologic alterations.
Recording of the EEG and the pyramidal response (PR) after electri cal stimulation of the right sen sorimotor cortex during and after 60 min ischemia and recovery. A: Con trol; B: during ischemia; C: 15 min after the end of ischemia; and 0: 4 h after the end of ischemia. Reproduced with permission from .
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Revival Times
He re , we must distinguish between revival of in tegrated brain function ('"neurological recovery") and of neurophysiological and metabolic functions. Thus, seemingly extensive recovery of these latter func tions does not necessarily imply that brain func tion will ever be normal. Previously, it was co mmonly held that ne urological recovery was not po ssible if severe ischemia was sustained for more than 4-5 min (e.g., Grenell, 1946; Cole and Corday, 1956) . Subsequent experimental results demon strated that with support of heart function, this pe riod could be extended to 7-8 min (Hirsch et aI ., 1957 ; see also Kabat et aI ., 1941) . Some experi mental settings were later fo und to yield revival times as long as 15 min (Miller and Myers, 1970) or even 25 min (Neely and Youmans, 1963) . Finally, the series of articles published by the Cologne group established that in complete ischemia, revival times for return of EEG, evoked potentials, and certain metabolic functions could be as long as 60 min (see Ho ssmann an d Kleihues, 1973 ; Kleihues an d Ho ssmann, 1973 ; Kleihues et aI ., 1975 ; . An example of this is shown in Fig. 6 .
Admittedly, the long revival times reported by Ne ely and Youmans (1963) could have been influ enced by barbiturate ane sthesia and ac cidental hypothermia. Furthermore, the partial return of electrical and metabolic functions aft er 60 min of 2ms ischemia (which was observed in only ab out half of the animals) has never been shown to be ac com panied by recovery of neurologic al function. Nonetheless, experiments of this type point to the fac t that in ischemia, certain suboptimal conditions prevail when revival times are as short as 4-5 min, while other conditions, equally undefined, allow re covery aft er more extended periods of ischemia.
Histopathology
Additional results bearing on revival times emerge from an alyses of histopathological alter at ions. Such results have the virtue of al lowing pre cise localization of cell damage to certain brain re gions and cell groups, and information exists not only on changes caused by ischemia (and hypoxia), but al so by hypoglycemia and status epilepticus . However, the difficulty of distinguishing pathologi cal changes fr om artifactual alterations, such as "d ar k neurons" and "h ydropic cell change" (Cammermeyer, 1961 (Cammermeyer, , 1978 should not be under estimated, even if perfusion-fixation is used. Fur thermore, it is often a matter of opinion if a given alteration is potentially reversible or repre sents the point of no return. Finally, conventional his topathological techniques may well fail to detect discrete changes that nevertheless cause functional deficits, such as those causing loss of dendritic ar borizations (see Scheibel, 1978) .
FIG. 7.
Electron-microscopic picture of histopathological alterations induced by 2 h of bicuculline-induced status epilepticus in a ventilated rat. Note condensed, dark-staining cerebral cortical pyramidal cell surrounded by peri neuronal and perivascular swollen astrocytic processes. Reproduced with permission from Sbderfeldt et al. (1981) .
Following the pi oneering work of Spielmeyer (1922 Spielmeyer ( , 1925 , a great number of workers have at tempted to characterize the types of cellular al ter at ions resulting from hypoxia/ischemia, hypogly cemia, and status epilepticus, and have studied their localization (for selected refere nces, see below). Two principal cellular alterations have been noted: swelling of pe rineuronal and pe rivascular glial elements ("status spongiosus"), and "i sch emic cell change ", i.e., a neuronal alteration ap pearing as shrunken, darkly staining cells, often with triangul ar nuclei. These changes are illustrated by an electron-micro scopic picture (Fig. 7) of a badly injured cortical pyramidal cell surrounded by swollen, pe rineuronal (and perivascular) astrocytic processes. From such pictures one gets the impres sion that osmotic equivalents and water have been imbibed by the peri neuronal processes, leaving the "d ead" neuron shrunken and dehydrated (see below).
The so-called ischemic cells often have a micro-
vacuolated appe arance. Brierley and co-workers (see Brierley, , 1976 have shown that in anoxia-ischemia the microvacuoles re pre sent swollen mitochondria with disintegration of internal structures. In hypoglycemia, mitochondria are contracted rather than expanded, but injured cells may contain vacuoles that probably re pre sent swollen Golgi cisternae (Kalimo et aI ., 1980) . Status epilepticus is yet another condition in which vac uo les appe ar, and in this condition, they seem to consist of widened po rtions of ro ugh endoplasmic reticulum and/or expanded Golgi cisternae (for documentation and further references, see Soder fe ldt et aI ., 1981). If we then add that isch emia leads to clumping of nuclear chromatin and fr agmentation of microtubuli (see Kalimo et aI ., 1977; Jenkins et aI ., 1979) , it becomes clear that the conditions considered can affe ct virtually all of the intracellular structures depicted in Fig. 2 (see ab ove). Common to all these conditions, though, is the appe ar ance of swollen glial processes and of condensed, darkly staining ne urons. We al so recall the preferential localization of nerve cell damage (and status spongiosus) to certain selectively vul nerable areas (see Fig. 1 ab ove).
Re sults of histopathological analyses in ischemia are as contradictory as those on revival times. Thus, where as some studies demonstrate extensive damage aft er such short pe riods of severe ischemia as 3-5 min (e.g., Weinberger et aI ., 1940) , others have shown surprisingly discrete al terations aft er 15 min (Miller and Myers, 1972; Brierley et aI ., 1975; Marshall et aI ., 1975b) or even aft er 30 min of isch emia (Arsenio-Nunes et aI ., 1973; Kalimo et aI ., 1981) . Clearly, we are ag ain confronted with the pr oblem of suboptimal versus optimal conditions.
There is a lack of information ab out the precise duration of hypoglycemia and status epilepticus that gives un equivocal cell damage. The best interpreta tion of av ailable results is that hypoglycemia of a severity that leads to cessation of spontaneous or evoked electrical ac tivity for at least 30 min is re quired to give irreversible damage to vulnerable cells (see Brierley et a!. , 1971; Agardh et a!. , 1980a; Kalimo et a!. , 1980) . In sta tu s ep ilepticu s, this minimum pe riod is of the order of 1-2 h (for litera ture , see Blennow et al ., 1978; SOderfeldt et a!. , 1981) . However, status epileptic us repre sents yet another condition in which seemingly similar insults have a different neuropathologic out come (for references, see Soderfeldt et a!. , 1981).
Ionic Fluxes and Metabolic Perturbation During Ischemia
There is now considerable information on ph ysi ologic al and metabolic events occurring upon inter ruption of cerebral oxygen supply, and our immedi ate concern is their relationship, if an y, to irreversi ble cell damage. Two rapidly occurring changes can be immediately dismissed, viz. the loss of con sciousness and the cessation of spontaneous and evoked electrical ac tivity. Th us , since conscious ness is lost within 6-7 s and EEG ac tivity ceases within 10-20 s (e.g., Rossen et a!. , 1943) , these changes be ar no relationship to irreversibility. We will concern ourselves, therefore, with ionic shifts and metabolic perturb ation.
Ionic Flu xe s
A long time ag o, van Harreveld and as sociates noted that as phyxia and spreading depre ssion were as sociated with an increased electrical impedance of cerebral and cerebellar tissue, and it was postu lated that this was due to imbibition of electrolytes (Na+ and Cl-) and water by cells, pre sumably glial cells (van Harreveld an d Oc hs, 1956; van Har reveld, 19 66; fo r a corresponding ac count of changes during ischemia, see Hossman et a!. , 1977) . With the advent of K+ -sensitive microelectrodes, it could be shown that upon interruption of cerebral circulation, a massive efflux of K+ occurs within \-2 min (see VyskoCiI et a!. , 1972; Hansen, 1977; Hossman et aI ., 1977; Astrup et aI ., 1980) . When Ca2+ -sensitive electrodes became av ailable, isch emia was shown to be as sociated with a marked decre ase in extracellular Ca2+ ac tivity (Nicholson, 1980 ; Nicholson et aI ., 1977; Harris et al ., 1981) . We can use changes recorded in extracellular concen trations of K+ , Ca2+, Na+, and Cl-during ischemia and spre ading depression, and the corresponding impedance change , to exemplify those ionic and water fluxe s that occur in any situation with exten sive cellular energy failure (Fig. 8) .
The results of Fig. 8 emphasize two events of immediate interest to the pre sent discussion. First, Ca2+ is obviously translocated fr om extra-to in tracellular fluids, as predicted by the scheme of Fig. 3 (see ab ove). We al so note that since Na+ enters intracellular fluids, conditions should favor efflux of Ca2+ fr om the mitochondria. As a result of this, and release of Ca2+ fr om endoplasmic reticulum due to a shortage of ATP (see below), we must expe ct a pre cipitous ri se in intracellular Ca2+. Second, the loss of Na+ and Cl-from extracellular fluids and the increased impedance suggest that astrocytic swell ing (i.e., status spongiosus, see Fig. 7 ab ove) is due to uptake of osmotic equivalents and water into glial processes. A mechanism for this has been pro po sed, since uptake of K+ and Cl-, and glial swell ing, has been noted when extracellular K+ ac tivities rise to values exceeding 10 mM liter-l (see Bourke et a!. , 1975; . The upt ake seems to be mediated by a HC03-ac tivated transport mechanism, which requires car bonic an hydrase for full ac tivity. It has been specu lated that the as sociated swelling, especially if it is extensive, can impede oxygen transport to neighboring neurons and induce anoxic neuronal damage . Furthermore , since K+ uptake into glial cells is an oxygen-dependent process (Hertz et aI ., 1973 ; , one can envisage that loss of K+ fr om ne urons, and the as- , Nicholson (1980) , and Harris et al. (1981) .
sociated glial events, deprive neurons of their oxy gen supply by more than one mechanism.
Perturbation of Cellular Metabolism
There is detailed information on metabolic events that fo llow the interruption of cerebral oxygen sup ply, particularly those affecting labile phosphates, glycolytic metabolites, citric ac id cycle inter mediates, and as sociated am ino ac ids (e.g., Lowry et aI ., 1964 ; Goldberg et aI ., 1966; Duffy et aI ., 1972; Lj unggren et aI ., 1974a,b; Folbergrova et aI ., 1974) . Here we will fo cus interest on labile phos phates and lactic acid and consider two other events as well, viz. those affe cting FF A and the cyclic nucleotides cAMP and cGMP. Figure 9 summarizes information on the rates of change in metabolic levels up on interruption of brain circulation. With re spect to labile phosphates and lactic ac id, the fo llowing comments should be made. First, although phosphocre atine, a source of A TP energy, is depleted within ab out 1 min, the ad enylate energy charge does not decre ase to mini mal values until aft er 5-7 min. After that time, therefore, no useful energy can be made available to ATP-requiring re actions. Second, as substrate sup ply is arre sted, the amount of lactic ac id ac cumu lated corresponds to the preischemic stores of glycogen and glucose. Since the latter can be raised by induced hyperglycemia and lowered by hypo glycemia, the ensuing lactic ac idosis is determined by the nutritional state.
It has been well-documented that ischemia is as-sociated with accumulation of FF A, the large st rel ative change occurring in arachidonic acid concen tration (Bazan, 1970 (Bazan, , 1976 Cenedella et aI ., 1975; Galli and Spagnuolo, 1976; Kuwashima et aI ., 1976 Kuwashima et aI ., , 1978 Marion and Wolfe, 1979) . Normally, brain tis sue contains only small amounts of FFA (0. 1-0.2 !Lmol g-l). As Fig. 9 shows, the FFA content in crease s about 4-fold after 5 min, and after 30 min of ischemia, values are about 10 times control (data fr om Rehncrona et aI ., 1981) . We thus observe that ischemia grossly exaggerates normally occurring events (see Fig. 5 above) . Furthermore , conditions are obviously at hand for release of Ca2+ and K+ fr om mitochondria. At this point, it should be re called that the amount of FF A accumulate d corre sponds to less than 2% of the total phospholipid bound fatty acid content of the tissue . Not shown in the figure are the changes in cyclic nucleotides. Available results demonstrate that ischemia is associated with an increase in cAMP and a decrease in cGMP concentration (Burkard, 1972; Steiner et aI ., 1972; Lust et aI ., 1975 ; Kobayashi et aI ., 1977) . In all probability, the rise in cA MP reflects release of sequestered ,B-adreno ceptor agonists (e .g., noradrenaline ) and accumula tion of adenosine , a breakdown product of AMP (see Bloom, 1975; Iversen, 1977; Ohga and Daly, 1977) . However, the question arises of why the cGMP concentration decreases, especially since Ca2+ is considered to be a potent activator of guanylate cyclase. We will return to this question later.
Respira tory Fu nction of Isolated Mitochondria
We have already referred to the fact that the cel lular ionic shifts associated wi th ischemia (i nflux of Na+ , loss of K+ ) and the accumulation of FFA should favor loss of Ca2+ and K+ fr om mitochon dria. However, there is massive evidence that products formed during phospholipase activity have other adverse effects on mitochondrial fu nction. Thus, both lysophospholipids and FFA are known to inhibit the adenine nucleotide translocase (Wojtzcak, 1976; Shrago, 1978) and either to inhibit state 3 respiration or uncouple oxygen consumption and ATP production with an associated mitochon drial swelling (Lehninger and Remmert, 1959; Borst et aI., 1962; Bj orntorp et aI ., 1964 ; Chefurka, 1966; Chefurka and Dumas, 1966; Honjo and Ozawa, 1968) .
In view of these dramatic effects of FF A and their derivatives, one would expect pronounced alterations in mitochondrial fu nction. Such alterations were also reported by Ozawa et ai . (1967a) , who found that ischemic periods as short as 3-6 min drastically reduced state 3 respiration and RCR val ues, and that 10 min of ischemia lowered the ADP/O ratios as we ll. Similar results were obtained by Majewska et ai. (1978) , who recorded decreases in RCR and P/O ratios after 3 min of complete isch emia. However, other studies showed that ischemic periods of up to 30 min only reduced state 3 respir ation and RCR values without any increase in state 4 respiration or decline in ADP/O ratios (Schutz et aI., 1973 ; Ginsberg et aI ., 1977; Rehncrona et aI ., 1979a) . Furthermore , recirculation after 30 min of ischemia was associated with normalization of mito chondrial fu nction. These studies suggested, there fo re, that brain mitochondria are not irreversibly damaged by such long ischemic periods.
For many reasons, in vitro results on mitochon drial fu nction should be interpreted with caution. Thus, on the one hand, results suggesting that only 3-6 min of ischemia causes extensive mitochon drial dysfunction cannot give information on the potential reversibility of the changes observed. This is due to the fact that if ethylenediaminetetracetate (E DT A) and bovine serum albumin (B SA) are omitted fr om the isolation medium, phospholipase activity during the long isolation procedure may cause FF A and their derivatives to accumulate to levels that were not at hand in vivo. Furthermore, since K+ is lost from mitochondria during wa shing, a loss which is exaggerated by ischemia (O zawa et al ., 1967b) , failure to include K + in the incubation medium may give a distorted view of mitochondrial fu nction.
On the other hand, interpretation of results dem onstrating a marked resistance of mitochondria to ischemia is also fraught with difficulties. For exam ple, it seems likely that a considerable proportion of the mitochondria harvested are of glial origin (Clark and Nicklas, 1970) , and irreversible damage to a small proportion of neuronal mitochondria may we ll escape detection with commonly employed tech niques. Furthermore , if EDTA (a Ca2+ chelator) and BSA (an avid binder of FF A) are present in the isolation and/or incubation media, the procedures wi ll remove those very agents that wo uld affe ct mitochondrial fu nction in vivo. For that reason, an unchanged state 4 respiration or normal ADP/O ratio measured in vitro cannot exclude the possibil ity that loose coupling, or overt uncoupling, is pres ent in vivo. The values (means ± SEM, n = 6) are for cerebral cortex, as measured after 90 min of recirculation, following 30 min of ischemia, compared to control. Data from Nordstrom et al. (I978a,b) . E. C., adenylate energy charge.
Recovery After Complete and Incomplete

Ischemia-a Paradox
At this stage, we will start exploring the mecha nisms involved in the development of ischemic cell damage . It seems justified to begin by recalling a controversial problem, viz. that of recovery fol lowing complete and incomplete ischemia. Intui tively, most workers would be inclined to assume that complete interruption of oxygen (and substrate ) supply should repre sent the maximal insult. How ever, Hossmann and Kleihues (1973) made the en passant observation that animals subjected to 60 min of ischemia seemed to do wo rse when a trickle of blood flow remained. The problem was studied in our laboratory (N ordstrom et aI., 1978a ,b) . Com plete ischemia of 30 min duration was induced in a model presumed to give optimal conditions for re covery (increase in intracranial CSF pressure to values exceeding systolic blood pressure), while in complete ischemia was induced so as to allow a reduction in CBF to 5-10% of control (b ilateral ca rotid artery ligation combined with a decrease in blood pressure to 50 mm Hg). As Table 1 shows, the results were clear-cut. Thus, whereas recirculation fo llowing complete ischemia allowed extensive re covery of cerebral (c ortical) energy state, incom plete ischemia had a poor outcome, also illustrated by a progressive increase in intracranial pressure (not shown). Subsequent studies of re spiratory ac tivities in isolated brain mitochondria (Rehncrona et aI ., 1979a ) corroborated the results of Table 1 . Thus, whereas state 3 (ADP-stimulated) respira tion decreased equally after 30 min of complete and incomplete ischemia, recirculation normalized mi tochondrial fu nction after complete and fu rther ag gravated the abbe rations after incomplete ischemia.
Results contrary to those related had been pub lished previously (Marshall et aI ., 1975l?) , and the controversy was strengthened by subsequent ex periments demonstrating that incomplete ischemia
had a better outcome than complete ischemia (Steen et aI ., 1979a ) . However, since our own results were unequivocal, we decided to analyze the underlying mechanisms asking the question of whether the continued, albeit grossly reduced, supply of oxygen or substrate was what wrecked the machinery .
Effe cts of a Trickling Oxygen Supply
At the time when our own results on complete and incomplete ischemia emerged, Demopoulos, Flamm and their co-workers (see Demopoulos et aI., 1977a .b; Flamm et aI ., 1977 Flamm et aI ., , 1978 published an attractive hypothesis predicting that, in ischemia, cell damage is incurred by generation of fr ee radi cals with subsequent peroxidative degradation of cell membranes. It had long been suspected that generation of fr ee radicals in vivo could be respon sible for initiating cell damage in such diverse con ditions as vitamin E deficiency, oxygen toxicity, fatty degeneration and necrosis of liver cells due to carbon tetrachloride poisoning and ethanol abuse, cancer, and aging (Harman, 1962; Barber and Bern heim, 1967 ; Slater, 1972) . However, the concept of free radical damage in ischemia was ne w. It seems justified, therefore, to briefly review the back ground (see Barber and Bernheim, 1967 ; Tappel, 1975 ; Mead, 1976; Fridovich, 1976 Fridovich, , 1978 Pryor, 1978 ; and a recent symposium edited by Le wis and del Maestro, 1980) .
Free radicals are compounds (molecules or ions) that have a lone electron in an outer orbital . This electron configuration confers to the compound an unusual reactivity. As a result, free radicals have a tendency to attack neighboring molecules in reac tions that can be propogated in an autocatalytic way . All aerobic cells form fr ee radicals. Some of these arise in the respiratory chain, e.g., at the coenzyme Q step. This is due to the fact that al though the reaction of oxygen with the terminal re spiratory carrier (c ytochrome oxidase) involves the R'C" � � v T c:: acceptance of a package of 4 electrons with forma tion of H 2 0, univalent reaction with oxygen is pre fe rred (see Fridovish, 1978) . Thus, when oxygen picks up 1, 2, or 3 electrons, the resulting products are superoxide radicals CO "2), hydrogen peroxide (H 2 0 2 ), and hydroxyl radicals (O HO). In the cell, metal catalysis probably ac hieves interaction of °02 and H 2 0 2 according to the Haber-Weiss reaction:
which leads to the formation of additional OHo radi cals and also of singlet oxygen (O �). We recall that molecular damage due to free radi cals may involve DNA, proteins, and lipids. AIthough damage to prote ins may lead to cross-linking and inactivation of enzymes, we will center the dis cussion on phospholipids, since their polyunsatu rated fatty acids seem especially prone to peroxida tive attack. Figure 10 gives a schematic representa tion of the sequence of reactions which starts with the ab straction of a hydrogen, e.g., by OHO radicals, fr om a carbon adjacent to a double bond. The for mation of a radical center on the fatty acid molecule leads to rearrangement of the double bonds Cdiene conjugation") and to the fo rmation of peroxide radicals through the addition of oxygen and to hy droperoxides via additional reactions. Hydroperox ides are metastable and can propagate further reac tions along the chain; e.g., the ir chism may give rise to OH ° radicals. The end result is fragmentation of the fatty acids and the formation of malondialdehyde and fluore scent products, the latter assumed to be identical to the lipofuscin pigments accumulating in cells during aging (Tappel, 1975 ; see also Mead, 1976) .
Given these devastating consequences of free radical fo rmation, it is clear that all aerobic cells must possess an elaborate defense system. Three defense lines can be discerned. An important one is the presence in most cells of enzyme scavengers chiefly superoxide dismutase, catalase, and peroxidase-which quench superoxide anions, hy drogen peroxide, and lipid peroxides, respectively (Fig. 11) . We recognize that if superoxide dismutase and catalase/peroxidase work in concert, the pro duction of OH ° radicals and singlet oxygen will be impeded.
The second line of defense is provided by endog enous scavengers of free radicals, mainly (X tocopherol (vitamin E), ascorbic acid (vitamin C), and thiol-containing amino acids and peptides, e.g., the tripeptide glutathione (see below). As we will describe in a later paragraph, many drugs have antioxidant and scavenging properties.
Additional defense against free radical damage is provided by physical separation of normally occur ring free radical reactions and sensitive biomole cules, a property of an intact cell and mem brane structure . The importance of such separation is exemplified by the fact that disintegration of tis sue structure , e.g., by homogenization, readily in duces free radical fo rmation which is accelerated if suitable initiators are added. Such initiators include metal ions, chiefly Fe2 +, ascorbic acid, and glutathione (we note that, under some cir cumstances antioxidants such as ascorbic acid and glutathione can act as pro-oxidants). It has been shown that disruption of membrane structure by chaotropic agents leads to lipid autoxidation (Hatefi and Hanstein, 1970) . The question arises, therefore, if perturbation of membrane structure , e.g., by ex cessive phospholipase activity, could make mem branes prone to peroxidative attack. What, then, is the evidence that lipid peroxida tion due to free radical fo rmation contributes to brain cell damage in ischemia? Demopoulos et al . (1977a,b) and Flamm et al. (1977 Flamm et al. ( , 1978 based their hypothesis on the postulate that when a decrease in oxygen concentration at the site of cytochrome oxidase impedes the acceptance of electrons, free radicals become dislocated at more proximal steps. Three main results were quoted in support of this: (1) Following ligation of a middle cerebral artery in cats, there was a gradual decrease in tissue ascorbic acid concentration, suggesting consumption of an endogenous free radical scavenger; (2) an '"asym metric " decrease occurred in the concentrations of polyenoic (p olyunsaturated) phospholipid-bound fatty acids; and (3) barbiturates, known to protect the tissue in ischemia, were fo und to scavenge free radicals generated in a liposomal system irradiated with ultraviolet light.
Free radical fo rmation in brain tissue in vitro. In order to test the free radical hypothesis, our own group tackled the problem fr om several angles. One initial approach was to characterize fr ee radical fo rmation in vitro (R ehncrona et aI. , 1980a). For this purpose brain homogenates were incubated with Fe2+ and ascorbic acid, agents known to pro-mote the fo rmation of free radicals, either in the pre sence of 100% N 2 (anaerobic control) or of 5% O 2 and 95% Nz (p eroxidizing sample). The results are shown in Fig. 12 . A comparison with a previous figure (Fig. 10) shows that the aerobic incubation was associated with the expected (p eroxidative) changes. Thus, there was a progressive increase in the amount of malondialdehyde fo rmed (T BAR), and parallel changes in diene conjugation (A 2 33), appear ance of fluore scent products, and a decrease in the content of polyenoic, phospholipid-bound fatty acids (20: 4 = arachidonic acid, 22:6 = docosa hexanoic acid). The results leave little doubt that extensive lipid peroxidation occurred.
The glutathione system. As stated, glutathione, a naturally occurring tripeptide which appears in reduced (GSH) and oxidized (G SSG) fo rms, con stitutes an endogenous fr ee radical scavenger. In fact, the glutathione system may act in at least three different ways (see Siesjo and Rehncrona, 1980) . Firstly, it may scavenge fr ee radicals (R' ) directly according to the reactions
Secondly, the system may serve to regenerate other scavengers, such as a-tocopherol and ubiquinone. If the scavenger to be regenerated is denote d by ArO ' , we obtain Thirdly, the enzyme glutathione peroxidase achieves the reduction of both hydrogen peroxide and of hy droperoxides fo rmed during lipid peroxidation (R OOH). We then obtain
We note that whatever the mode of action of the glutathione system, the reactions outlined lead to conversion of GSH to GSSG. Using enzymatic, fluorometric techniques for measuring GSH and GSSG (Folbergrova et aI ., 1979) , we first ascer tained that this occurred in the in vitro system for radical generation (Rehncrona et aI ., 1980b) . Since conversion of GSH to GSSG was fo und, the analyses we re applied to the in vivo conditions of complete and incomplete ischemia of 30 min duration. As Table 2 shows, the results were clear-cut. Thus, although incomplete ischemia of 30 min duration reduced the GSH content (cf. decrease in ascorbic acid content fo llowing middle cerebral artery liga tion), a similar reduction was observed in complete ischemia (when no oxygen is present). Furthermore, no increase in GSSG content was observed in tissue or CSF. In other wo rds, the decrease in GSH reflected a reduction in glutathione pool size, probably due to the fall in ATP concentration, but it seemed unre lated to lipid peroxidation. Confirmatory results were reported by Cooper et al . (1980) . In addition, these authors failed to find that transient ischemia altered the tissue content of total ascorbate, or of its re duced form ( Table 3) .
Although the results on the GSH-GSSG system (and the ascorbate system) are clear-cut, the possi bility remains that the glutathione reductase reac tion, and the phosphogluconate pathway, could achieve rapid re-reduction of any GSSG formed. For that reason, we must consider other indices of lipid peroxidation.
Phospholipids and phospholipid-bound fa tty acids. As remarked above, complete ischemia re leases FF A in amounts that only repre sent a fr ac tion of those bound to phospholipids. We cannot expect, therefore , that the effect of phospholipase activity can be detected by phospholipid analyses. However, since lipid peroxidation preferentially affects polyenoic fatty acids (and polyenoic phos pholipids such as PE) and since the products are degraded and fragmented fatty acids, which are not recovered in the FF A pool, analyses of phos pholipids and their fatty acids may yield information on peroxidative changes in vivo. At first sight, the re sults reported by Demopoulos et ai . (1977b) seemed to be supported by data obtained on mito chondrial frac tions, isolated from brains following 0.5-5 min of ischemia (Majewska et aI ., 1977 (Majewska et aI ., , 1978 . In these studies the authors induced ischemia Reperfusion 10 min 1.60 ± 0. 10" 0.0010 ± 0.000 5 3.24 ± 0. 17 3.17 ± 0. 14 Reperfusion I h 1.57 ± 0.07" 0.0027 ± 0.0010 3.30 ± 0.28 3.00 ± 0.25
The values are means ± SEM. Data from Cooper et al . (1980) .
by decapitation and then isolated the mitochondria. The authors found a reduction in mitochondrial PE fraction, and in the arachidonic acid co ncentration. Si nce ma l on di a ld e h y d e a l so accumulated, they in oxygen-containing media is a co nvenient way of inducing free radical fo rmation (see above), the re sults merely illustrate the well-known fact that brain tissues have a capacity for lipid peroxidation. C l ear l y, the problem ca n only be solved by an.a\'i '5.e'5. 01 \n \1\\10 c,an\.en\.'& Ol �hos�ho\i�ids and phospholipid-bound fatty acids. Our own results (Rehncrona et al., 198Oc , 1981) failed to indicate the presence of lipid peroxidation, since neither co m plete nor incomplete ischemia was associated with detectable differences in phospholipid concentra tions or fatty acid co mposition (Fig. 13) . Somewhat different results were reported by Yoshida et al. (1980) , who fo und that 30 min of ischemia, induced in gerbils by bilateral carotid artery ligation, signifi cantly reduced the tissue co ntent of PE, but not of Pc. However, these authors measured neither indi vidual fatty acids nor the fatty acid co mposition of PE . Furthermore, on the basis of malondialdehyde measurements, they co ncluded that lipid peroxida tion did not occur during ischemia . We co nclude, therefore, that there is meagre evidence of fr ee radical generation and lipid autoxidation during ischemia.
Since FF A affe ct mitochondrial metabolism (see above), the question arose whether the accumula tion of FF A differed between co mplete and incom plete ischema. As Fig. 14 (upper part) shows, this was not the ca se. These results also showed that increases in total FF A co ntent (upper panel) and in polyenoic fatty acids (lower panel) persisted for some time in the re circulation period (see also Yoshida et al ., 1980) . We will return to this finding in a later paragraph.
Barbiturates as fr ee radical scavengers. As our fo urth approach, we tested the efficacy of a number of drugs in scavenging free radicals in the in vitro system described (Smith et al., 1980) . Although thiopental efficiently scavenged the radicals fo rmed duration. The upper part shows changes in total FFA con tent, the lower one changes in arachidonic (20:4) and doc osahexanoic (22:6) acid during incomplete ischemia. Modi fied after .
at a concentration of 1 mM, methohexital had little effect, and pentobarbital or phenobarbital none. Furthermore, promethazine, a drug that is not sup posed to protect against brain ischemia, was even more efficient than thiopental. The inescapable conclusion is that the protective effects of drugs is not related to their efficacy in scavenging radicals.
In view of the results described, it must be ques tioned if free radical fo rmation is an important mechanism of cell damage in ischemia. In all fair ness, though, it must be emphasized that the type of ischemia studied by Demopoulos et al. (1977a,b) and Flamm et al. (1977 Flamm et al. ( , 1978 has another time course than those employed in our laboratory, or that used by Cooper et al. (1980) . It remains to be shown, therefore, if the changes in phospholipids fatty acids reported by Demopoulos et al. (1977b) repre sent a mechanism causing cell damage or merely the degradation of cells that have di e d fro m other causes. We will later discuss the possibility that free radical damage may occur, not during ischemia but in the recirculation period .
Effe cts of a Continued Substra te Supply
As illustrated above (Fig. 9) , the amount of lactic acid accumulated during complete ischemia is deter mined by the preischemic substrate stores. The experiments documenting this phenomenon (Ljung gren et al. , 1974c ) were designed to evaluate the influence of the lactic acidosis on recovery of cerebral energy metabolism. With an ischemic pe riod of 5 min, the resulting variation in tissue lactic acid concentrations (4-20 /Lmol g-l) had no influ ence on recovery . However, it was known that both severe incomplete ischemia (EkIOf and Siesj6, 1972) and severe tissue hypoxia (Salford and Siesj6, 1974) , two conditions associated with maintained substrate supply, could yield tissue lactic acid con centrations considerably in excess of those en countered in hyperglycemic animals subjected to complete ische mia.
From 1976 and onwards, Myers and co-workers (see Myers, 1979a,b) reported results indicating that the nutritional state of the animals used significantly influenced the outcome of prolonged periods of ischemia and hypoxia. More specifically, fa sted animals had a significantly better outcome than those that were fed or infused with glucose, a fa ct that was attributed to the acidosis resulting from accumulation of lactic acid in excess of 25 /Lmol g-l.
The hypothesis advanced by Myers soon re ceived support from experiments in which neurological recovery was studied fo llowing induc tion of ischemia in fasted and glucose-infused rab bits (Siemkowicz and Hansen, 1978) or metabolic recovery estimated in cats rendered hyperglycemic prior to induction of severe, incomplete ischemia (Welsh et al., 1980) . However, since our own re sults provide a correlation between the degree of lactic acidosis during ischemia and the extent of metabolic recovery, it may be justified to use these re sults to prove the point (Rehncrona et al., 198Od) . The results of Fig. 15 allow the following conclu sions. First, if animals are made hyperglycemic prior to induction of 30 min of complete ischemia (filled circles), metabolic recovery is moderately affected, and with added hypercapnia (a measure wh ich increases tissue glucose concentrations fu rther), recovery is even less optimal. Second, although fa sted animals subjected to severe incom plete ischemia (u nfilled circles) show excellent re-B. K. SJES10 covery , those that are fe d, or fa sted and infused with glucose, demonstrate extensive deterioration of cerebral energy state . Third, fa sted animals sub jected to incomplete ischemia show even better re covery than those exposed to complete ischemia, a fact which is also revealed by return of EEG activ ity and of sensory evoked potentials, as we ll as by a striking absence of histopathological signs of cell damage (Kalimo et aI ., 1981) . Fourth, if all animals are compared, it emerges that those that have lactic acid levels exceeding 20-25 /Lmol g-l fa il to recover a "normal" cerebral energy state . Fifth, in fa sted animal s infused with glucose during the recircula tion period, recovery was not adversely affected.
These results, which amply corroborate Myers' hypothesis, provide an explanation for the paradox of a poorer outcome fo llowing incomplete than complete ischemia, and resolve the controversy discussed. Obviously, when ischemia is sufficiently severe to disrupt cerebral energy state and suffi ciently prolonged to allow appreciable amounts of glucose to be translocated from blood to tissue, hyperglycemia (as this occurs in fe d or glucose infused animals) wrecks the machinery by giving rise to exces sive acidosis at cellular level. On the other hand, with short periods of ischemia and/or low blood glucose concentrations, incomplete isch emia carries a better outcome than complete (cf. the induction of 10 min ischemia in fa sted dogs by Steen et aI ., 1979a) .
Acidosis and Energy Failure as Causes of Brain Damage
The results discussed clearly demonstrate that at least in ischemia, cellular acidosis is an important determinant of cell damage, and the fac tor could we ll constitute one of the .. suboptimal conditions" that shorten revival times. For example, the original experiments of Myers (1970, 1972) were performed in fa sted animals. One question arises, though: what is the general importance of acidosis? In order to provide an answer to this question, it seems justified to compare the lactic acid levels in ischemia, hypoglycemia, and status epilepticus and to relate them to the changes in cerebral energy state .
Inspection of the data of Fig. 16 immediately dis closes that whereas the acidosis is marked in isch emia, it is moderate in status epileptic us (C hapman et aI., 1977) The relationship between the degree of tissue lac tic acidosis at the end of a 30 min period of complete (filled circles) and incomplete (unfilled circles) ischemia and the adenylate energy charge (E.C.) at the end of a 90 min recir culation period. The animals were treated as follows : 1, fed; 2, fasted, infused with glucose prior to ischemia; 3, as in group 2 but with added hypercapnia ; 4, fed; 5, fasted, infused with saline ; 6, fasted, infused with glucose prior to ischemia ; and 7, fasted, infused with glucose during recirculation. Re produced with permission from Rehncrona et al. (1980d ) .
al ., 1978; fo r an account of intracellular pH changes, see Pelligrino et aI., 1981) . It should also be added that wh en the lactic acidosis is enhanced during status epilepticus (b y induced moderate hypoxia or hypotension), cell damage is not exag gerated (B lennow et aI ., 1978) . Obviously, acidosis does not qualify as a major determinant of cell damage in adverse conditions . We must ask the question, therefore, of whether energy failure provides a more general mechanism of cell damage . However, perusal of the data in Fig. 15 makes it clear that hypoglycemia of 30 min duration, which seems associated with neuronal damage as severe as that observed after 30 min of ischemia (Agardh et aI ., 1980a; Kalimo et aI ., 1981) , leads to a less extensive deterioration of the cere bral energy state . Furthermore , although perturba tion of the energy state is less pronounced in the cerebellum during hypoglycemia, and has a slower onset, 60 min of hypoglycemia causes cerebellar energy failure ; yet, cell damage is virtually absent and the Purkinje cells are spared (Agardh et aI., 1981a). Finally, Fig. 16 demonstrates that in status epilepticus, a condition accompanied by unequivo- • 60 cal cell damage, cerebral energy state is minimally perturbed. Clearly, the appearance of histopatholog ical signs of cell damage correlates poorly with deterioration of cellular energy metabolism.
In Search of Common Mechanisms of Cell Damage
At first sight, it wo uld seem fu tile to look for common mechanisms of damage in three conditions that differ wi dely in their pathophysiological ef fe cts. It may be helpful if we recall their main char acteristics. Ischemia drastically reduces blood flow, oxygen utilization, and tissue oxygen tensions and induces cellular acidosis that may be marked or ex cessive . In hypoglycemia , the store s of high-energy phosphate compounds are reduced, but blood flow rates (and tissue oxygen tensions) are maintained or increased (Norberg and Siesjo, 1976; Abdul Rahman et aI ., 1980) , and acidosis does not develop (see above). One interesting fe ature of hypogly cemic coma is that, at least during the first 15 min, extensive energy fa ilure occurs in spite of an un changed cerebral metabolic rate fo r oxygen (C MR0 2 ) (Norberg and Siesjo, 1976; Agardh et aI ., 1981b) . In status epilepticus, finally, cerebral metabolic rate is increased 2-to 3-fold (Meldrum and Nilsson, 1976) , and moderate acidosis is at hand, but at least if cerebral perfusion pressure is upheld, the increase in CBF is sufficient to maintain the cerebral energy state close to control values (Duffy et aI ., 1975 , Chapman et aI ., 1977 Folbergrova et aI ., 1981) .
It seems that a more meaningful comparison be tween the three conditions can be made if we recall that the final damage after ische mia (and hypoxia) could be the combined result of events occurring in two periods: the initial period of ischemia (or hypoxia) and the subsequent period of recircula tion/reoxygenation. Figure 17 serves the purpose of summarizing events occurring in these periods. The following points can be made . (1) If an ade quate perfusion pres sure is restored at the ter mination of ischemia, the CBF initially overshoots the preischemic value (" "reactive hyperemia"); however, the CBF subsequently fa lls and may ulti mately reach markedly subnormal values Cdelayed hypo perfusion ") (Zimmer et aI ., 1971; Hossmann et aI ., 1973 ; Ginsberg et aI ., 1978; Hallenbeck and Furlow, 1979; Rehncrona et aI ., 1979b) . (2) In the immediate postischemic period CMR0 2 is reduced (Snyder et aI ., 1975 ; Hossmann et aI ., 1976 ; Nordstrom and Rehncrona, 1977) . As a result of this, and the increase in CBF, tissue oxygen ten sions must rise appreciably (e .g., Ingvar et aI ., 1960) . some circumstances, it may rise above control (Ho ssmann et aI., 1976 ; Kofke et aI. , 1979; see also Levy and Duffy, 1977) . We note that if this occurs during the period of delayed hypoperfusion, the tis sue suffers a secondary insult of reduced oxygena tion. What, then, is the evidence that the period of recirculation/reoxygenation is accompanied by events of a pote ntially harmful nature? We wi ll fo cus attention on three findings. Firs t. results from Klatzo 's laboratory have indicated that cell and blood-brain barrier damage "matures" in the recir culation period, the lag period being inversely pro portional to the duration of ischemia; and this group has demonstrated a postischemic decline in the ac tivity of some membrane-bound enzymes, e.g., in the activity of the N a+ IK + -activated ATPase (Ito et aI., 1975 (Ito et aI., , 1976 Schwartz et aI. , 1976; Klatzo, 1979) . We recall that the activity of such enzymes is crit ically dependent on the integrity of the membrane, notably on its phospholipid composition. Second. clear signs of an aberrant protein metabolism such as disintegration of polyribosomes occurs fi rst when recirculation is instituted after a period of ischemia (Cooper et aI., 1977) . Th ird. when brain tissue is fixed by perfusion immediately after isch emia of varying duration, histopathological altera tions are homogeneous with no preferential localiza tion to certain cells or brain structures, suggesting that the phenomenon of selective vulnerability is a fu nction of the recirculation period (Kalimo et aI., 1977; Jenkins et aI. , 1979) . It should also be kept in mind that barbiturates, administered in the recir culation period, seem to ameliorate the final dam age after transient ischemia (B leyaert et aI., 1978; Levy and Brierley, 1979; however, see also Rock off and Shapiro, 1978; Steen et aI., 1979b) . Pos sibly, such beneficial effects could be secondary to suppression of paroxysmal activity in clusters of neurons that have been deprived of their inhibitory inputs (see Brown et aI., 1979) .
Given the changes occurring in the recirculation! reoxygenation period, we can now consider events that are common to ischemia, hypoglycemia, and status epilepticus.
Perturbation of Ion Homeostasis
As described above, ischemia leads to efflux of K+ and to influx of Na+ and Ca2+, the raised ex tracellular concentration of K+ probably being the
trigger of glial uptake of K+ and Cl-, as we ll as astrocytic swelling. For our present discussion, it is of intere st that hypoglycemia, another condition as sociated with glial swelling (Agardh et aI ., 198<k7 ; Kalimo et aI ., 1980) , leads to massive accumulation of K+ in extracellular fluid (A strup and Norberg, 1976) and to a markedly increased tissue impedance (Pe lligrino et aI. , 1981) . In status epilepticus, ex tracellular accumulation of K + and loss of Ca2+ are more moderate Heinemann et aI., 1977 ; see also Nicholson, 1979) ; yet the appearance of status spongiosus indicates that the same principal events occur as in ischemia and hypoglycemia. It seems clear, therefore , that all three conditions are accompanied by events sec ondary to release of K+ (e .g., astrocytic swelling and a compromise of oxygen supply to nearby neurons) and influx of Ca2 + into neurons (e .g., Ca2+ -triggered lipolysis and futile recycling of ions across mitochondrial membranes).
Delayed Hyp op erfusion
As remarked, the postischemic reduction in CBF can be quite pronounced. Admittedly, no evidence exists that this delayed hypoperfu sion impedes mi crocirculation to such an extent that secondary energy failure occurs, unless it is associated wi th massive tissue edema in a progressively deteriorat ing condition. However, as wi ll be discussed below, circumstantial evidence suggests that the reduction in CBF is caused by mechanisms that could also elicit neuronal damage . It is of interest, therefore , that when recovery is induced after severe hypo glycemia, blood flow decreases to low values, the lowest ones being observed in brain structures showing extensive cell damage (Abdul-Rahman et aI., 1980) . It is also worth noting that during sO' tained status epilepticus, CBF decreases gradually even though cerebral perfusion pressure is upheld and cerebral metabolic rate shows no tendency to decline (Meldrum and Nilsson, 1976; Siesjo et aI., 1981; Ingvar and Siesjo, 1981) .
Accumulation of Free Fa tty Acids
We have already referred to the fact that ischemia is accompanied by accumulation of FF A, the largest relative change being observed in AA concentration (see Fig. 14 above) . Subsequent results have shown that FF A also accumulate in hypoglycemia ( Agardh FIG. 18 . Diagram illustrating changes in tis sue contents of free fatty acids (FFA) and arachidonic acid during ischemia, hypogly cemia, and status epilepticus (for references, see text). Note that FFA contents only grad ually return to control when recirculation restores oxygen supply (cf. Fig. 14) . At the end of a 60 min period of status epilep ticus, the arachidonic acid concentration remains increased (2-to 3-fold control). , 198Ob, 1981b) and status epilepticus (Marion and Wolfe, 1978; Chapman et aI., 1980 ; Siesjo et aI ., 1981 ; see also Bazan, 1970 Bazan, , 1976 . The changes re corded are schematically illustrated in Fig. 18 . We recall that when recirculation is instituted after 30 min of ischemia, the concentration of arachidonic ac id (20:4) only gradually returns to control values (Yo shida et aI ., 1980 ; Rehncrona et aI ., 1981) . In this period, therefore, conditions exist for oxidative degradation of fa tty acids, as they are during hypoglycemia and status epilepticus.
As discussed previously, FF A have untoward effects on mitochondrial fu nction. However, results have been published suggesting that the toxicity of polyenoic fatty acids encompasses aberrations in electrolyte and water metabolism of intact cells as we ll. Thus, Chan and Fishman (1978) noted that polyenoic FF A induce cellular swelling in brain slices. In order to discuss how such effects can be mediated, we must consider pathways that lead to oxidative degradation of arachidonic acid. As this discussion will emphasize, it is by no means certain that free radical damage can be ruled out.
In a previous paragraph (see Fig. 5 above) we referred to the fact that accumulation of arachidonic acid triggers the production of prostaglandins and leucotrienes. It is now necessary to expand on the enzymatic sequences involved (Fig . 19) . The best studied of these is the fatty acid cyclo-oxygen ase pathway, which, via the formation of endo peroxides, gives rise to the classical prostaglan dins (PGD 2 , PGE 2 , and PGF 2 ,,), as we ll as pros tacyclin (PGI 2 ) and thromboxane A 2 (TxA 2 ) (see Lands, 1979 ; Moncada and Vane, 1978; Flower, Ischemia Hypo glycemia Status epilepticus
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Duration of insu lt in min utes 1979 ; Samuelsson, 1979) . Two aspects of this cas cade of events are important to the present discus sion: first, complete interruption of oxygen supply will bring cyclo-oxygenase activity to a halt; how ever, at oxygen levels exceeding about 20 Il-mol (Po 2 about 12 mm Hg), synthesis is determined by substrate availability . In other wo rds, accumulation of arachidonic acid will trigger a cascade of reac tions along the pathway. Second, some of the en doperoxides fo rmed (or their derivatives) have fr ee radical characteristics and are , therefore , poten tially toxic. Information on lipoxygenase products is of more recent origin (see lakschik et aI ., 1977; Borgeat and Samuelsson, 1979 ; Murphy et aI ., 1979 ; aI ., 1980). It is now known that this pathway leads to the fo rmation of a series of leucotrienes, one of which seems identical to the slow-reacting sub stance of anaphylaxis, and that those events con stitute another arachidonic acid cascade . It is of intere st that some of the compounds thus fo rmed are hydroperoxides (see above under free radicals). Obviously, in the presence of oxygen accumulation, arachidonic acid triggers the production of a series of compounds of a potentially toxic nature . The question arises if cyclo-oxygenase and lipoxygenase products accumulate in the postisch emic period. At present, information is available concerning the fo rmer. Thus, Gaudet and Levine (1979) noted that whereas prostaglandins did not accumulate during ische mia, a burst of production was observed when recirculation was instituted. These authors also reported that neurological re covery was improved if the animal s were pretreated with indomethacin, a potent blocker of cyclo oxygenase (Flower, 1974) , indicating that products of arachidonic acid generated by this pathway had adverse effects. A similar observation was made by Hallenbeck and Furlow (1979) , who noted that pre treatment of animals subjected to 30 min of severe ischemia ameliorated the postischemic hypoperfu sion, as did a combination of indomethacin and prostacyclin administered during recirculation. The latter observation demands an explanation. Con ceivably, accumulation of arachidonic acid with production of prostaglandin endoperoxides, com pounds that have a free radical character, leads to suicidal activation of the prostacyclin synthetase, an enzyme localized to the vessel wall which mediates vasodilatation (Egan et aI ., 1976) . Thus, since vessel tone may partly reflect the balance between constriction by thromboxanes and dilata tion by prostacyclin (see Moncada and Vane, 1978) , the combined administration of indomethacin and prostacyclin could well inhibit synthesis of throm boxane and bypass the inactivate d prostacyclin synthetase.
Accumulation of cGMP
Since the beneficial effects of indomethacin are marginal, it seems justified to fo cus attention on the lipoxygenase pathway. There is at present little di rect proof that products of this enzyme play a role in precipitating cell damage, but data on cGMP pro vide circumstantial evidence that lipoxygenase products accumulate when arachidonic acid con centrations are increased. Like adenylate cyclase, the guanylate cyclase complex is modulated by a series of agonists (Goldberg and Haddox, 1977; Goldberg et aI ., 1978; Murad et aI ., 1979) . However, there is considerable evidence that Ca2+ enters as a main determinant of the activity of the enzyme (see Ferrendelli et aI ., 1976; Briggs and DeRubertis, 1980) . Why, then, does not cGMP accumulate dur ing ischemia but only after oxygenation is insti tuted? A likely explanation is provided by experi ments demonstrating that guanylate cyclase is acti vated by hydroperoxide breakdown products of arachidonic acid (Hidaka and Asano, 1977; Goldberg et aI ., 1978; Murad et aI ., 1979) . We can envisage a series of reactions, therefore, which start with accumulation of Ca2+ in the cytosol of cells, proceed with activation of phospholipases, and end with oxidative conversion of arachidonic acid to hydroperoxide breakdown products . Indirect proof that the lipoxygenase pathway is involved was ob tained in experiments on isolated slices of renal cortex (Briggs and DeRubertis, 1980) . In these, the Ca2+ -and 0 2 -dependent accumulation of cGMP was unaffected by indomethacin but virtually abolished by 5,8, II, 14-eicosatetraenoic acid CETEA" ), an inhibitor of lipoxygenase. Obviously, the scheme proposed (activation of lipoxygenase by Ca2+ in the presence of oxygen) would explain why cGMP does not accumulate during ischemia (when no oxygen is present), and it is consistent with the accumulation of cGMP during epileptic seizures (Ferrendelli and Kinscherf, 1977; Ferendelli et aI., 1980; Folber grovA et aI., 1981; Siesjo et aI ., 1981) and in hypo glycemia (Agardh et aI., 1978; Agardh and Siesjo, 1981) .
Free Radical Hypothesis Revisited
Although it is generally agreed that products of the cyclo-oxygenase and the lipoxygenase path ways are potentially toxic per se, some evidence now exists that the ultimate damage does, in fa ct, involve free radical reactions. For example, Thomas et aI., (1978) proposed that the interaction of fa tty acid hydroperoxides with superoxide anions gives rise to alkoxy radicals that may start au tocatalytic peroxidation of lipids. Furthermore, Chan and Fishman (1980) reported that addition of polyenoic FF A to brain slices triggered the produc tion of superoxide radicals and caused accumula tion of malondialdehyde . Finally, results reported by Sano et al . (1980) suggest that vascular spasm fo llowing subarachnoidal hemorrhage is due to free radical reactions initiated by clot lysis. In support of this thesis, they found that intracisternal injection of a hydroperoxide derivative of arachidonic acid pro duced severe vasoconstriction in rabbits . How, then, can we reconcile this possibility with results showing that ischemia, hypoglycemia, or status epileptic us neither cause changes in the tissue con centrations of phospholipids, characteristic of lipid peroxidation, nor affect tissue GSSG/GSH ratios (for results on hypoglycemia and status epilepticus, see Agardh et ai ., 1981b; Siesjo et aI ., 1981) . The only way to make these results consistent with the hypothesis of free radical damage is to assume that the changes are too circumscribed to be detected by the whole tissue analyses. For example, if vascular changes are concentrated in endothelial cells and neuronal changes to synaptic regions (where the Ca2+ gates must be presumed to be concentrated), the problem would be one of dilution. Clearly, this issue can only be solved by analyses perfo rmed on the target structures. Until such data are available we prefer not to exclude the possibility of fr ee radi cal damage .
The Triggering Events-A Role for CaH?
Assuming that accumulation of FF A, especially arachidonic acid, is re sponsible for some of the reactions, the sum total of which is neuronal cell death, we must ask about the triggering events . Since overt energy failure may be unaccompanied by cell damage (Purkinje cells in hypoglycemia) and since cell damage is incurred in the absence of gross energy deterioration (status epilepticus) it does not suffice to consider alterations in cellular phosphor ylation potential alone . It has been suspected for some time that a rise in cytosolic Ca2+ activity may precipitate ischemic cell damage in the heart (e .g., Hearse 1977) . As a working hypothesis, therefore, we proposed that a disturbed Ca2+ homeostasis, and an associated activation of phospholipases with ac cumulation of FF A, could provide a mechanism of cell damage in status epilepticus (Siesjo et aI ., 1981) . At that time, a yet unpublished hypothesis was kindly sent to us by the author (Hass, 1981) . Apart from nicely summarizing some of the Ca2+ dependent reactions outlined above, Hass brought to our attention a provocative series of results by Schanne et al. (1979) . These authors exposed isolated hepatocytes to a number of membrane toxins, and studied the viability of the cells. They could then show that all toxins employed markedly re duced viability, but only if Ca 2 + was included in the suspension medium. Obviously, although mem brane damage was present, cell death only ensued if Ca2+ entered the cells .
What, then, is the evidence that Ca2+ triggers the series of reactions that lead to brain cell death? Let us recall that direct evidence exists for entry of Ca2+ into cells during ischemia and status epilepticus (see above); in all probability, massive influx of Ca2+ also occurs in hypoglycemia. Furthermore, brain tissues contain appreciable activities of phos pholipase AI and A2 (e .g., Cooper and Webster, 1970; Bazan, 1971; Woelk and Porcellati, 1973) , and although their Ca2+ dependence may not have been clearly documented, the evidence derived fr om other tissues is overwhelming (see Derksen and Cohen, 1975; Knapp et aI ., 1977; Borgeat and Samuelsson, 1979) . Thus, it seems permissible to use the increase in FF A as an indicator of a rise in intracellular free CaH activity .
Two recent series of results provide some infor mation on the degree of hypoxia/ischemia that pre cipitate the proposed Ca2+-FFA cascade . First, Gardiner et al . (1981) noted that when the Pao2 in ventilated rats was progressively lowered, a rise in cerebral cortical FF A content did not occur until the EEG activity was suppressed and signs of cel lular energy fa ilure were at hand. Second, when studying changes in extracellular ionic activity during regional ischemia in baboons, Harris et al . (1981) fo und that extracellular Ca2+ activity fe ll when K+ activity rose to about 13 mM liter-I. Prob ably, at this level of membrane depolarization opening of voltage-dependent Ca2+ channels oc curred.
On the basis of these re sults, and of those previ ously discussed, the following proposals can be made . In ischemia , Ca2+ homeostasis is disrupted when the oxygen supply is curtailed to the extent that A TP-dependent N a + -K + transport is impeded. The ensuing decrease in membrane potential opens voltage-dependent Ca2+ gates, and the lowering of the transmembrane Na+ gradient slows down out ward Ca2+ transport. As a result of this, and of re lease of Ca2 + fr om endoplasmic reticulum (ATP shortage ) and mitochondria (collapse of mitochon drial membrane pote ntial and activation of the Ca2+/Na+ antiport by increased Na+ activity), the intracellular Ca2+ concentration rises. This causes phospholipase activation, which fu rther enhances loss of Ca2+ fr om mitochondria, and efflux of K+ as well. However, although accumulated FFA have untoward effects, their toxicity is fully expressed first when oxygen supply is reinstituted, and when arachidonic acid is oxidized along the cyclo oxygenase and the lipoxygenase pathways.
Hypoglycemia must be accompanied by similar events, with the important difference that oxygen supply is maintained. Probably, the influx of Ca2+ and Na+ into cells, and the accumulation of FFA, diverts respiratory energy towards fu tile cycling of Ca2+ (and K+ ) across mitochondrial membranes, explaining the finding that energy fa ilure occurs in spite of an upheld CMR0 2 • In status ep ilepticus , finally, synchronous de polarizations of cell membranes, with opening of voltage-dependent Ca2+ gates, probably overloads the Ca2+ transport and/or sequestration mecha nisms. In fact, there is circumstantial evidence that in this condition also, loose coupling of mitochon dria may occur (Folbergrova et aI., 1978) .
Selective Vulnerability-A
Tentative Explanation
As remarked, the localization of cell damage to certain areas seems, at least partly, to occur in the recirculationlreoxygenation period. In view of the fact that cells in the middle cortical layers and in the CAl and CA4 areas of the hippocampus have, by virtue of their high (dendritic) Ca2+ conductance, a tendency to epileptogenic activity (see above), it is tempting to assume that they are identical with those showing "ischemic cell change ." Thus, their vulnerability may be due to an excessive influx of Ca2+ or to an imbalance between excitation and in hibition. Conceivably, the latter could arise if the primary insult (e.g., ischemia) somehow deprived these cells of their normal inhibitory mechanisms. Whatever the triggering cause (excessive Ca2+ in flux or stripping of inhibition), the properties of such cells could cause them to fire in a paroxysmal fa shion once the oxygen supply has been re stored. This assumption is not too far-fetched, since both barbiturates and phenytoin, drugs that have been reported to ameliorate ischemic brain damage (see above, and Aldrete et aI., 1979; Cullen et aI., 1979) are potent antiepileptic drugs. It is of interest that such drugs also show an association with Ca2+, since their actions include a partial blockade of Ca2+ gates (Blaustein and Ector 1975, Goldberg, 1977; Haycock et aI ., 1977) . If this hypothesis is correct, we mu st ask the question why (in ventilated animals) hypoglycemia and status epilepticus do not affect the cerebellar Purkinje cells, a group of neurons with a documented high Ca2+ conductance. A tentative explanation is as follows. In status epilepticus, the cerebellum does not participate in the widespread and marked increase in metabolic rate , so characteristic of, for example, the cerebral cortex and hippocampus; as a re sult, perturbation of cerebellar energy state is transient and moderate (Siesjo and Abdul-Rahman, 1979; Folbergrova et aI ., 1981; Siesjo et aI ., 1981; Ingvar and Siesj6, 1981) . One could assume, therefore, that voltage dependent Ca2+ influx into Purkinje cells is mod erate .
The re sistance of Purkinje cells to hypoglycemia seems partly related to a better cerebellar supply of glucose than that received by many other struc tures, possibly because the cerebellum has a higher density of glucose transport sites (and/or a lower Km fo r glucose transport ; see Abdul-Rahman and Siesjo, 1980) . However, since less FFA accumulate in the cerebellum than in the cerebral cortex, one cannot exclude the possibility that other factors contribute, related to differences in influx of Ca2+ and/or activation of phospholipases (Agardh and Siesjo, 1981) .
Synthesis and Prospectus
It is now time to synthesize the information sum marized and to attempt to outline its implications.
Synthesis
We propose that the following events lead to neuronal cell damage in the brain, at least in the conditions discussed. (1) In ischemia and hypo glycemia, energy failure leads to an influx of Ca2+ and N a + into cells, and since Ca2+ -sequestering mechanisms are not operating, cytosolic Ca2+ ac tivity rises. One can envisage that in hypoglycemia the rise in Ca2+ and Na+ activities (and the ac cumulation of FFA, see below) leads to futile cy cling of Ca2+ across mitochondrial membranes, a pro cess which diverts re spiratory energy away fr om A TP production. In status epilepticus, Ca2+ influx may be primarily due to opening of Ca2+ gates, the rise in free Ca2+ activity being enhanced by fu tile recycling of Ca2+. (2) Ca2+ accumulation activates phospholipases with the resulting accumulation of FFA, notably arachidonic acid. (3) The rise in the concentration of polyenoic FF A and the uptake of K+ and Cl-into glial cells lead to edematous expan sion of astrocytic processes, a swelling which is most marked in areas in which neurons are maxi mally affected. This swelling, and the consumption of oxygen by glial cells, fu rther compromises the supply of oxygen and glucose to neurons in isch emia and hypoglycemia, respectively. (4) In neurons, perhaps also in glial cells, maintenance or re supply of oxygen leads to oxidation of arachi donic acid along the cyclo-oxygenase and the lip oxygenase pathways with fo rmation of prosta glandin-like substances and leucotrienes, respective ly . The former may contribute to microcirculatory problems, e.g. , by formation of vasoconstrictory thromboxanes; alternatively, inactivation of pros tacyclin synthetase may deprive the vessels of an endogenous vasodilator. However, products of the lip oxygenase pathway and/or free radicals generated during the oxidative conversion of arachidonic acid may be even more important in causing vascular and neuronal damage.
Prospectlls
Admittedly, parts of the ideas put forward in this article are speculative, and some are based on cir cumstantial evidence. However, in view of the fact that brain cell damage constitutes a pressing prob lem to those who face patients at the bedside, and that the mechanisms of cell damage have never been clarified, it seems warranted to attempt a synthesis of the current information to bring about a working hypothesis which is at least amenable to experimental tests. Clearly, if the hypothesis is sound, efforts must be directed towards measures that break the cascade at one or more points. It would seem highly justified, therefore , to fo cus at tention on Ca2+ blockers and on phospholipase and lipoxygenase blockers, as well as on free radical scavengers. Furthermore, it appears necessary to redirect intere st towards measures that ameliorate swelling of perineuronal and perivascular glial pro cesses.
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